Introduction: The cerebrospinal fluid (CSF) biomarkers amyloid-β (Aβ), tau and phosphorylated tau (p-tau181) are now used for the diagnosis of Alzheimer's disease (AD). Aβ40 is the most abundant Aβ peptide isoform in the CSF, and the Aβ 42/40 ratio has been proposed to better reflect brain amyloid production. However, its additional value in the clinical setting remains uncertain.
Introduction
Dementia is a growing public health concern in aging populations. The number of people affected worldwide is set to reach 66 million by 2030 [1] . Alzheimer's disease (AD) is the most frequent cause of dementia in the elderly. Clinical diagnosis is based on the presence of clinical symptoms, marked by a gradual onset of dementia in the presence of cognitive decline, when other putative disorders have been excluded [2] . Unfortunately, the accuracy of AD diagnosis based solely on clinical observation is associated with poor specificity. In most studies comparing clinical diagnosis with neuropathological findings, researchers have reported specificity lower than 70% [3] . Development of specific disease-modifying drugs and early diagnosis require an improvement in the accuracy of AD diagnosis.
The use of biomarkers has strengthened the link between clinical dementia and AD pathophysiology [2] . Currently, cerebrospinal fluid (CSF) biomarkers are commonly used in specialized memory clinics [4] . A characteristic feature of AD progression is a reduction in amyloid-β (Aβ) protein (that is, low CSF Aβ42 level) and an increase of neuronal degeneration biomarkers (that is, increase of CSF total tau and phosphorylated tau (p-tau181) levels) in CSF of subjects with AD [5] . The decrease in CSF Aβ42 levels appears to be an early phenomenon in AD progression and is evident over two decades prior to the first clinical sign [6] . Unfortunately, because CSF Aβ42 levels can also be low in non-AD patients, this biomarker alone is of limited use in a clinical setting [7, 8] . The limited use of CSF biomarkers can lead to indeterminate results, revealing abnormal tau protein values and normal Aβ peptide levels or the inverse [2] . Furthermore, CSF biomarker results are also characterized by a large intersite variability [7] that requires the use of internally validated cutoff levels for each laboratory [9] .
Aβ40 is the most abundant Aβ peptide isoform in the CSF. Compared with CSF Aβ42 levels alone, Aβ 42/40 ratio is suggested to account for the constitutive interindividual differences in total CSF Aβ peptide load between high-and low-amyloid-producing individuals [10] . The Aβ 42/40 ratio could also play an important role in Alzheimer's disease pathogenesis [11] . However, the added value of the CSF Aβ40 level assessment remains controversial [12] [13] [14] [15] . Recently, in a monocentric study, researchers reported that CSF Aβ 42/40 ratio may be of particular use in patients with ambiguous CSF results [16] . Therefore, the goal of our present study was to assess CSF Aβ 42/40 ratios and CSF Aβ42 levels alone to discriminate AD from non-AD patients in a large, prospective, multicentric population of patients. We hypothesized that the use of Aβ 42/40 ratio would reduce the frequency of inconclusive CSF results and would lead to a valid AD diagnosis.
Methods

Subjects
According to national recommendations, CSF analyses are routinely used during testing of patients with cognitive disorders in French memory centers [4, 17] . Patients were recruited between 1 September 2012 and 1 September 2013 from three French clinical and research memory centers specializing in the care of patients with cognitive disorders. These three centers are based in Paris, Lille and Montpellier (the PLM Study) [18] [19] [20] . All patients who were prospectively included in the study had cognitive disorders and received a lumbar puncture. Patients with unknown clinical diagnoses were excluded. Patients with mild cognitive impairment (MCI) represented a heterogeneous group, including patients with and without AD-related brain lesions, and thus were excluded from this study.
All patients had a thorough examination, including clinical and neuropsychological evaluations, biological measurements and brain imaging. Patients with AD were included according to the criteria for probable AD as defined by the National Institute on Aging-Alzheimer's Association [2] . On the basis of all available elements, which included the results for CSF biomarkers, patients were classified into two groups: AD and non-AD. Complex or unclear cases were discussed, and diagnoses were made by a multidisciplinary team of neurologists, geriatricians and neuropsychologists. Non-AD subjects included subjects with cognitive disorders other than AD (see Additional file 1), such as frontotemporal dementia, Lewy body disease, Parkinson's disease, CreutzfeldtJakob disease and non-degenerative dementia (that is vascular dementia, alcohol-related dementia, normal pressure hydrocephalus, infectious disease and psychiatric disorders) [7] .
This research study was approved by the local ethics committees of each hospital (see Additional file 2). All patients agreed to CSF collection, assessments and analyses by providing a written informed consent.
Cerebrospinal fluid analysis
Lumbar punctures were performed on fasting patients within 1 month following their clinical diagnosis, usually between 9:00 am and 12:00 PM. In an effort to reduce the intersite variability in CSF readings previously reported [7] , all three centers used a common 10-ml polypropylene tube to collect the CSF (catalog number 62.610.201; Sarstedt, Nümbrecht, Germany) [21] . Each CSF sample was transferred at 4°C to the corresponding local laboratory within 4 hours after collection and was then centrifuged at 1,000 g for 10 minutes at 4°C. A small amount of CSF was used to perform routine analyses, including total cell count, bacteriological examination and total protein and glucose levels. The CSF was aliquoted in 0.5-ml polypropylene tubes and stored at −80°C to await further analysis. CSF Aβ40, Aβ42, total tau and p-tau181 were measured in each local laboratory using a commercially available sandwich enzyme-linked immunosorbent assay (INNOTEST; Fujirebio Europe NV, Gent, Belgium) according to the manufacturer's instructions. Concentrations of total tau greater than 1,200 pg/ml were well above the detection limit and thus were not recalculated after dilution because of the constraints in the procedure. The biological teams involved in CSF analyses were blinded to the clinical diagnoses.
Cerebrospinal fluid cutoff determination and interpretation
CSF cutoffs used in the analyses were determined on the basis of the population included in the present study. We computed both overall and local cutoff receiver operating characteristic (ROC) curves using STATA software (v10, StataCorp, College Station, TX, USA). ROC curves were built for each biomarker by plotting sensitivity and 1 − specificity to discriminate AD from non-AD patients. Optimum cutoff values were determined using two methods: the highest Youden index (that is, sensitivity + specificity − 1) and lowest distance between ROC plot and point (0.1). We checked that both approaches led to similar findings, and the presented results correspond to the highest Youden index. STATA code used for the determination of optimum cutoff is detailed in the Additional file 3.
CSF results were defined as negative (that is, CSF p-tau181 below cutoff and CSF Aβ42 above cutoff ) or positive (that is, CSF p-tau181 above cutoff and CSF Aβ42 below cutoff ). An indeterminate CSF profile was defined by the association of one positive biomarker and one negative biomarker.
We chose to evaluate tau pathology based on CSF p-tau181 levels alone because p-tau181 and total tau levels were highly correlated in our sample (Pearson's correlation coefficient = 0.87). Furthermore, p-tau181 has previously been reported to be more discriminant than total tau [22] . Analyses based on total tau led to findings and conclusions similar to those obtained with p-tau181.
Statistical analysis
The subjects' characteristics are presented overall, by diagnosis (AD vs. non-AD) and by CSF collection centers. The various groups (diagnoses, centers) were compared using analysis of variance for continuous variables and χ 2 test for categorical variables. We computed ROC curves to evaluate the capacity of each CSF biomarker to discriminate AD from non-AD subjects. Analyses were performed in the overall study population and then stratified by centers. Optimum cutoffs for each biomarker were defined using the highest Youden index to discriminate in the best possible manner AD from non-AD subjects, thus maximizing sensitivity and specificity of the analyses based on ROC curve analyses. Then we used local optimum cutoffs for further analysis because intersite differences were present.
To evaluate the interest of ratio Aβ 42/40 versus CSF Aβ42 alone, we compared three methods to interpret CSF results:
1. Method 1: interpretation based on CSF p-tau181 and on CSF Aβ42 2. Method 2: interpretation based on CSF p-tau181 and on Aβ 42/40 ratio 3. Method 3: a decisional algorithm based, in a first step, on CSF p-tau181 and on CSF Aβ42. Then, in case of discrepancy between p-tau181 and Aβ42, we used, in a second step, the Aβ 42/40 ratio in place of Aβ For all three methods, we first determined the percentage of AD, non-AD and indeterminate biological CSF profiles. Proportions of indeterminate profiles according to the methods were compared using the McNemar test. Then we used a net reclassification improvement (NRI) method to compare method 2 to method 1, and method 3 to method 1, among AD patients and non-AD patients (based on clinical diagnosis). Briefly, NRI is a statistical tool used to assess improvement in model performance offered by a new method of classification compared with a reference method [23, 24] . The NRI compares the frequency of appropriate reclassification to inappropriate reclassification with the use of a new model of classification. The NRI is based on reclassification tables constructed separately for participants with or without the interest event (that is, diagnosis of AD or non-AD) and quantifies the correct movement in categories, up for events and down for non-events. Upward movement (up) is a change into a higher category, and downward movement (down) is a change into a lower category based on the new algorithm. The NRI is calculated as follows:
The null hypothesis for NRI = 0 was tested using Zstatistics following McNemar asymptotic test for correlated proportions [22] . We provide an Excel file (Microsoft, Redmond, WA, USA) that allows the assessment of NRI with its standard error and its P-value [24] .
All resulting P-values were two-tailed, and P ≤ 0.05 was considered statistically significant. Statistical analyses were performed using STATA version 10 and SAS version 9.2 (SAS Institute, Cary, NC, USA).
Results
In this study, we enrolled a total of 367 participants who received a lumbar puncture between 1 September 2012 and 1 September 2013. The study was conducted at three study centers (Paris, n = 82 subjects; Lille, n = 124 subjects; Montpellier, n = 161 subjects). The subjects' characteristics are summarized in Table 1 . Compared with non-AD subjects, participants with AD were older, were more likely to be female and had lower Mini Mental State Examination scores. Furthermore, subjects with AD had higher CSF tau and p-tau181 levels, lower CSF Aβ42 levels and lower CSF Aβ 42/40 ratios. CSF Aβ40 levels tended to be higher in patients with AD compared with non-AD patients (P = 0.06), but this relationship was attenuated after adjustment for age and sex (P = 0.19).
The percentages of patients with AD across centers ranged from 31% to 59% (Table 2 ). There were no significant differences in age or sex between AD and non-AD patients across the three sites. In patients with AD, the Aβ 42/40 ratio was the only comparable biomarker between the three sites, with a mean value ranging from 4.4% to 4.9% (P = 0.39).
The results of ROC curve analysis comparing AD with non-AD patients and optimum cutoffs are presented in Table 3 . Area under the receiver operating characteristic curve (AUC) values for the various biomarkers can be used to discriminate between AD and non-AD patients. Across all three centers, tau (AUC range, 0.77 to 0.96) and p-tau181 levels (AUC range, 0.84 to 0.95) were more useful than Aβ42 levels (AUC range, 0.74 to 0.82) for AD diagnosis. Aβ 42/40 ratio outperformed Aβ42 in only one of the three centers, but not in the overall population (AUC = 0.81). Optimum cutoffs for CSF Aβ42 and for Aβ 42/40 ratio ranged from 737 pg/ml to 836 pg/ml and from 0.050 to 0.082, respectively. Figure 1 illustrates the results of CSF biomarkers in the overall population according to CSF Aβ42 and CSF p-tau181 and per the global cutoffs based on the previous ROC curve analysis (overall population study). A total of 284 patients (77%) had determinate and definitive results using CSF Aβ and CSF p-tau181 levels (non-AD profile or AD-type profile), and 83 participants (23%) had indeterminate CSF results. 
Discussion
In this clinically based, multicenter study, we evaluated the systematic assessment of CSF Aβ40 as part of a battery of CSF biomarkers measured in patients with cognitive disorders. We made the following observations:
The Aβ 42/40 ratio was the only biomarker that was consistent between centers in AD and non-AD patients. We may therefore hypothesize that this ratio is less sensitive to preanalytical and analytical conditions. The systematic use of Aβ 42/40 ratio instead of Aβ42 decreased the number of indeterminate CSF profiles but failed to improve the classification of patients based on clinical diagnosis (NRI = −2.1%, P = 0.64). A strategy based on the use of Aβ 42/40 ratio instead of Aβ42 in patients with initially discrepant results between p-tau181 and Aβ42 led to a reduction of the number of indeterminate CSF profiles (10% vs. 22%) and improved the classification of patients (NRI = 10.5%, P = 0.003).
Consequently, the assessment of Aβ 42/40 ratio could be helpful and can be recommended as a second step when the initial CSF profile remains indeterminate.
Researchers in several previous studies have investigated the use of Aβ 42/40 ratio to differentiate patients with AD from patients with other cognitive disorders, and the reported results are heterogeneous. In a previous study, researchers found that Aβ 42/40 ratio outperformed Aβ42 alone in differentiating AD from non-AD patients, but the diagnostic performance of the combination of CSF tau and CSF Aβ42 was not improved by the use of Aβ 42/40 ratio instead of Aβ42 alone [15] . In another study, using a subset of autopsy-confirmed diagnoses, investigators found no overall difference in AUC between Aβ 42/40 ratio and Aβ42 alone to differentiate AD from non-AD patients. Those authors showed that the use of Aβ 42/40 ratio improved diagnostic accuracy in patients with intermediate levels of phosphorylated tau [12] . In other previous studies, researchers also found that the assessment of CSF Aβ40 may help to discriminate between AD patients and patients with frontotemporal lobar degeneration [25] or dementia with Lewy bodies [26] and Parkinson's disease with dementia [27] . In contrast, the authors of another previous report found that the diagnostic accuracy of CSF Aβ42 was not different from the Aβ 42/40 ratio to discriminate AD patients from control subjects [14] . Controversial data have also been reported in patients with MCI, with some studies revealing that the Aβ 42/40 ratio may be useful to predict dementia conversion [28] , whereas another did not [13] .
Our findings confirm and strengthen the results of a recent study in which researchers reported that the use of the Aβ 42/40 ratio may contribute to decreases in the proportion of indeterminate CSF profiles in the clinical setting [16] .
The proportion of patients with AD varied greatly at the three centers, reflecting the differences in recruitment and practices of memory clinics. Despite significant intercenter differences in reporting CSF Aβ40 and CSF Aβ42 levels, the mean Aβ 42/40 ratios were comparable across the three centers, ranging from 0.044 to 0.049 in patients with AD. We therefore hypothesize that the use of the CSF amyloid ratio could contribute to decreased preanalytical and analytical sources of variability among centers. Interestingly, we found that optimal cutoff for the ratio in the overall study population was equal to 0.055, which was comparable to the 0.057 cutoff recently reported by another team in a monocentric study [12] .
Very few data are available concerning indeterminate profiles of CSF biomarkers. In our study population, on the basis of routine clinical practice, this situation was not rare, being observed in 22% of the patients even after optimization procedures using local optimum cutoffs. We have shown that Aβ 42/40 ratio instead of Aβ42 leads to a clear biological conclusion in more than 50% of these indeterminate cases. Reclassification analyses also showed that this approach is more congruent with the diagnosis by clinicians.
This study has several strengths, including its large size, its multicentric and prospective design, and the use of a common CSF polypropylene tubing at each of the three centers to standardize CSF evaluation. In addition, we used a NRI method that compares different strategies of biomarker analyses and is more precise than traditional analyses based on ROC curves. The main limitation of the results is the lack of neuropathological validations. Also, clinicians were not blinded to CSF results prior to clinical diagnosis, which may generate a circular reasoning bias in our findings. The absence of a centralized measurement for CSF biomarkers is another limitation, owing to the persistence of an intersite variability despite the use of a common tubing to collect CSF. Furthermore, the non-AD group was heterogeneous and included patients with cognitive disorders, of both psychiatric and neurologic origins. However, our study was aimed at reflecting the standard practice at memory clinics. The wide variety of patients with a number of diseases reflects the broad spectrum of cognitive complaints referred to memory centers. Finally, this study excluded patients with MCI. Inclusion of these patients in future studies will help to determine the links between the amyloid ratio and the rate of conversion from MCI to AD.
Conclusions
Using a large prospective multicenter cohort of patients with cognitive disorders, we did not find an added value for the systematic assessment of the CSF Aβ 42/40 ratio. However, in cases of discrepancy between CSF p-tau and CSF Aβ42, the use of Aβ 42/40 ratio allowed reaching a biological conclusion in more than 50% of indeterminate results and improved the biological congruence with clinical diagnoses.
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